fatty acid desaturases can catalyze saturated or unsaturated fatty acids to form a double bond at various locations in the hydrocarbon chain. In the present study, a total of 20 full-length desaturase genes were identified from rice genome. An exhaustive analysis was performed to describe their chromosomal locations, gene structures, phylogeny, cis-regulatory elements, sub-cellular localizations and expression patterns. The rice desaturase genes were distributed on ten of 12 chromosomes and phylogenetically classified into six subfamilies with the Arabidopsis counterparts, FAB2, FAD2, FAD3/7/8, FAD6, DES1 and SLD1. Among of them, 9 members were expanded via chromosomal tandem or segmental duplications. the gene structures and motif constituents were evolutionarily conserved in the same subfamilies. The majority of desaturase genes showed tissue-specific expression patterns and response to abiotic stresses and hormones based on microarray data and qRt-pcR analyses. this study will provide useful clues for functional validation of desaturase genes and contribute to produce nutritionally important fatty acids by genetic modification in rice.
is an urgent need for an entire feature about the fatty acid desaturase family. This study provides a global overview of the desaturases which contains the gene structures, chromosome locations, phylogeny, and the expression profiling resulting from various organs/tissues of rice. The identification of novel desaturases will give us new insights into the pathways involved in unsaturated fatty acid metabolism and signaling transduction in rice. Moreover, the characterization of desaturases from rice will offer scientists abundant candidate genes for the production of nutritionally beneficial fatty acids in transgenic crops.
Results and Discussion
identification of fatty acid desaturase genes in rice genome. We used several bioinformatics resources in our efforts to thoroughly explore the entire FAD gene family in rice. 29 gene models were obtained through FAD domain searching (FA_desaturase, PF00487; FA_desaturase_2, PF03405) with the MSU Rice Genome Annotation Project Database (MSU-RGAP, http://rice.plantbiology.msu.edu/analyses_search_domain. shtml). In the Rice Annotation Project Database (RAP-DB, http://rapdb.dna.affrc.go.jp/), using a keyword search for "fatty acid desaturase", 10 genes were identified. The orthologous protein sequences of Arabidopsis desaturases were used as queries in BLASTP searches against the rice genome entries in the RAP-DB databases. Following removal of the redundant sequences and eliminating alternate splice variants of the same gene, a total of 20 fatty acid desaturase genes were thus identified in rice. Among of them, nine members homologous with Arabidopsis FAB2.1 were designated as OsFAB2-1~9. Analogously, four FAD2 subfamily members, four FAD3/FAD7/FAD8 subfamily members, and one each in DES1, SLD1 and FAD6 subfamily were named. The detailed information about each gene locus, FL-cDNA, ORF length, and characteristics of corresponding proteins are detailed in Table 1 .
The numbers and positions of exons and introns of each desaturase gene were determined by the comparison of the CDS sequences and the corresponding genomic sequences via using the Gene Structure Display Server website (GSDS, http://gsds.cbi.pku.edu.cn/) 19 . Three gene (OsFAB2-6, OsFAB2-7 and OsSLD1) lacked introns; the number of introns in the coding sequences of the other 17 genes ranged from one to nine (Fig. 1B) . Four genes (OsFAB2-3, OsFAB2-6, OsFAB2-7 and OsFAD2-4) had no untranslated regions. Most orthologous genes tended to share similar exon-intron structure and transcript length. For example, OsFAD3-1 and OsFAD3-2 each contain seven introns and eight exons, and are all nearly 1155 bp in length ( Fig. 1B) . chromosomal localization and gene duplication. Based on the MSU-RGAP loci coordinates (http:// rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/), the accurate locations and orientation of the fatty acid desaturase genes on the rice chromosomes were determined. All of the 20 genes were distributed on ten of 12 chromosomes, excluding chromosomes 5 and 10. Rice chromosome 7 has four desaturase genes, chromosomes 2, 3 and 8 each have three, chromosome 1 has two and chromosomes 4, 6, 9, 11 and 12 each only contain one member ( Fig. 2 ). www.nature.com/scientificreports www.nature.com/scientificreports/ To explore the impacts of duplication events during evolution on the expansion of the fatty acid desaturase family, we investigated tandem and segmental duplications. According to the criterion of separation by less than 5 intervening genes and >50% homology at protein level, a total of 5 genes fell into two groups were tandemly duplicated. Besides, two pairs of genes were found to be segmentally duplicated. So, among the 20 desaturase genes, 45.0% (9 of 20) were involved in duplication events, including 5 genes with tandem duplication and 4 genes with segmental duplication. The tandemly duplicated genes were on chromosomes 7 and 8 ( Fig. 2) . Interestingly, four genes (OsFAD2-1/-2/-3/-4) were expanded through both tandem and segmental duplications. These results showed that the gene duplication events contributed to the expansion of the desaturase family in rice.
Gene Name/Alias

Multiple sequence alignment and phylogenetic analysis.
To clearly apprehend the sequence characteristics of fatty acid desaturases in rice, we performed a multiple sequence alignment using the deduced amino acid sequences of the 20 proteins. The 20 gene products contained typical histidine-rich boxes ( Table 2) , which accorded with the standard of different types of desaturase genes. For instance, majority of genes from FAD3/7/8 subfamily matched the standard for plastidial Δ12 desaturase, namely, GHDCXH, HXXHH and HVXHH; two histidine-boxes of nine FAB2 subfamily members were consistent with these of stearoyl-[acyl-carrier-protein] desaturases characterized by EENRHG and DEXRHE. To be sure, an exception was that LOC_Os07g23390 appeared to be truncated at the C-terminus missing the third histidine-rich box, so no FAD domain (either PF00487 or PF03405) could be detected in Pfam database. But in keeping with previous published article 11 , LOC_ Os07g23390 was still considered as OsFAD2-4.
To examine in detail the phylogenetic relationship and functional divergence among the 20 desaturases in rice, a phylogenetic tree was constructed (Fig. 1A) . The 20 desaturases were classified into 6 distinct subfamilies; the subfamilies were named according to their identity to Arabidopsis desaturases and included subfamilies FAB2, FAD2, FAD3/7/8, FAD6, DES1 and SLD1. The rice homologs of Arabidopsis AtFAD5 and AtASD1/2 were not present. Among the 6 subfamilies, subfamily FAB2 with nine members was the largest (Fig. 1A) .
In order to identify orthologous genes between Arabidopsis and rice, an integrated phylogenetic tree composed of members of the two species was constructed ( Fig. S1 ). In this analysis, similar subfamilies were formed as compared with the evolutionary tree of rice. Except for the subfamily FAD5/ADS1 absent in rice genome, each clade of a distinct subfamily consisted of desaturases from both rice and Arabidopsis. Furthermore, the orthologues between Arabidopsis and rice in subfamily FAB2, FAD2, FAD3/7/8, FAD6, DES1, and SLD1 showed very high sequence identities. These results indicated that the formation of desaturase family in Arabidopsis and rice occurred before the split of dicots and monocots.
Expression analysis of desaturase genes during development.
To gain valuable insights into the possible function of desaturase genes during rice development, we analyzed their expression patterns in various organs/tissues at different developmental stages using microarray data (http://ricexpro.dna.affrc.go.jp/GGEP/). Data for the following tissues was examined: vegetative roots (VR), reproductive roots (RR), vegetative leaf blades (VL), reproductive leaf blades (RL), vegetative leaf sheaths (VS), reproductive stems (RS), inflorescences (I1-I3), anthers (An), pistils (Pi), lemmas (Le), paleae (Pa), ovaries (Ov), embryos (Em), and endosperms (En). A heat map generated from the average log signal values for the 17 desaturase genes in selected tissues summarizes the differential expression patterns of these genes (Fig. 3 ). The expression patterns of these 17 desaturase genes can be divided into four major groups. Group I includes 5 genes that show high expression levels in all examined tissues, expect for two genes with relatively low expression in certain developmental stages (OsFAB2-5 in VL, OsSLD1 in RR). Group II consists of 3 genes which show relatively high expression levels in particular vegetative and reproductive tissues: OsFAB2-9 in VS, I1, and anthers; OsFAB2-1 in VR, RR, ovaries, embryos and endosperm; OsFAD3-1 in VR, VS, RS and ovaries. Group III comprises 6 genes that show abundant expression level in vegetative or reproductive organs: OsFAD2-2 and OsFAD2-3 in roots; OsFAD3-2 in stems; OsFAB2-8 in VL; OsFAB2-8 in I1-3, anthers and pistils; OsFAB2-4 in I1, lemmas and paleae. The last remaining genes, OsFAB2-3, OsFAD8 and OsDES1, belong to Group IV, shows relatively low expression level in all investigated tissues.
To verify the results of above digital expression analyses, we employed real-time PCR analysis to confirm the expression levels of the desaturase genes in rice. It was demonstrated that the real-time PCR results were generally consistent with the microarray data. For example, OsFAB2-2/5 and OsSLD1 are constitutively expressed; OsFAD6 and OsFAB2-3 are predominantly expressed in seedlings and roots, respectively ( Fig. 4) . Nevertheless, there are still some exceptions. For example, OsFAD8 and OsFAD2-2 are relatively high expressed in all investigated tissues, especially, OsFAD8 in seedlings ( Fig. 4) .
In Arabidopsis, expression patterns of fatty acid desaturase gene family were also reported. Chi et al. 2011 reported organ-specific and developmental expression profiles of 16 desaturase genes in Arabidopsis, 12 of 16 genes were expressed in specific tissues 7 . Interestingly, serval pairs of homologous genes in Arabidopsis and rice shared similar expression profiles in development process. For example, FAD2 was relatively highly expressed in all investigated tissues, and DES1 and FAB2.3 were lowly expressed. Of course, some homologous genes showed www.nature.com/scientificreports www.nature.com/scientificreports/ inconsistent expression patterns, for example, SLD showed high expression levels in all tissues expect for reproductive roots in rice, but was barely expressed in Arabidopsis. The similarities and differences of expression profiles of these orthologous genes may imply their functional conservatism and evolution.
Regulation of desaturase gene expression in response to abiotic stresses.
To examine the response of desaturase genes to various abiotic stresses, the microarray data (GSE6901) for 7-day-old seedlings treated with drought, salt and cold stress was analyzed. A total of 8 genes were significantly (P < 0.05) down-regulated and only one was up-regulated in at least one of the stress conditions ( Fig. 5A-D) . The transcriptional level of OsSLD1 was down-regulated under all three stresses (Fig. 5A ). Four genes (OsFAD3-2, 6, 8 and OsFAB2-9) were significantly down-regulated by both drought and salt stresses (Fig. 5B ). Three genes (OsFAD2-2, OsFAD2-3 and OsDES1) were specifically down-regulated by drought stress (Fig. 5C ). OsFAB2-1 was up-regulated under drought stress (Fig. 5D ). All in all, it appeared that cold stress had only very limited influence, but drought stress had a much higher effect on the expression of these desaturase genes. These results suggest that desaturase genes may be involved in drought signaling pathways and play important roles in responses to drought stresses by changing the content ratio of the various fatty acid compositions in rice.
Differential expression of desaturase genes in response to hormones.
To determine if desaturase genes in rice are involved in hormone signaling pathways, we investigated their expression profiles under different phytohormone treatments. Total RNA was isolated from seedlings of Nipponbare rice at three-leaf stage treated with ABA (Abscisic Acid), 6-BA (6-Benzylaminopurine), IAA (Indole-3-Acetic Acid) and GA (Gibberellin Acid), and the expression levels of the desaturase genes were evaluated using quantitative RT-PCR (Fig. 6) . The results showed that the expressions of 8 genes (OsSLD1, OsDES1, OsFAB2-1, OsFAB2-4, OsFAB2-8, OsFAB2-9, OsFAD2-2, OsFAD2-4) were markedly down-or up-regulated (<50% or >2-fold) under at least one of the hormone treatments at 3 h time point, as compared with the untreated control. It implied that these genes may be involved in plant's early response to the hormones.
Under IAA treatment, the transcript levels of four genes (OsFAD2-1, OsFAD3-1, OsFAD6 and OsFAD7) and two genes (OsFAB2-4, OsFAD2-4) were decreased and increased at 6 sampling time points, respectively. Two genes (OsSLD1, OsFAB2-5) were almost unaffected by IAA. These data indicated that the various desaturase genes showed different induction kinetics in response to auxin. Under GA treatment, four genes (OsFAD3-1, OsFAD6, OsDES1, OsSLD1 and OsFAB2-6) were induced slightly at the early time points and reached peak value at 9 h, but were reduced at the later time points. The expressions of two genes (OsFAB2-3, OsFAB2-4) were repressed during the whole early-middle period, but were induced strongly at 48 h time point. Two genes (OsFAB2-1, OsFAB2-9) showed high express level at the whole time points. The results revealed that most of the desaturase genes were responsive to gibberellin.
Under ABA treatment, the expression levels of 10 genes (OsFAB2-2, OsFAB2-6, OsFAB2-7, OsFAB2-8, OsFAD2-1, OsFAD2-4, OsFAD3-1, OsFAD6, OsFAD8 and OsDES1) showed different changes at the different time points of the treatment; that is to say, these genes were repressed (<50%) at some time points, but induced (>2-fold) at other time points. It illustrated that desaturase genes could play a complex role in abscisic acid signaling pathways in rice. Meanwhile, the expression patterns of quite a part of genes under 6-BA treatment were similar with the result of ABA treatment; for example, the transcript levels of eight genes (OsSLD1, OsDES1, OsFAB2-1, OsFAB2-3, OsFAB2-6, OsFAB2-7, OsFAB2-9 and OsFAD2-2) were noticeable increased at particular time points, but decrease at other times. Moreover, the three genes (OsFAB2-2, OsFAD2-1 and OsFAD8) were reduced throughout the treatment time courses; this is also consistent with ABA treatment.
Comparison of the induction kinetics of desaturase genes under different hormones stimulus revealed that the expression levels of the majority of genes increased under at least two hormones treatments. Three genes (OsFAB2-6, OsFAB2-7 and OsFAB2-8) and one gene (OsFAD2-1) were up-regulated and down-regulated by all the four hormone treatments, respectively. The hormone-responsive expression profiles of this family suggested that almost all of the genes were responsive to the four hormones tested in these experiments expect OsFAB2-5, which was not responsive to ABA. www.nature.com/scientificreports www.nature.com/scientificreports/ cis-regulatory elements in the promoter of desaturase genes. Conserved regulatory elements in promoter sequences were involved in response to various growth factors and environmental stresses. Here, the promoter sequences (~2.0 kb) of nine abiotic stress and hormone-induced desaturase genes (OsFAB2-1/9, OsFAD2-2/3, OsFAD3-2, OsFAD6, OsFAD8, OsSLD1 and OsDES1) were selected to compare with each other (Fig. 7) . It was observed that dozens of different cis-acting elements predicted by PlantCARE were discovered. Among them, several cis-acting elements, like G-boxes, CAAT-boxes and TATA-boxes and so on, were mutual in nine examined genes. To more intuitively explore the promoter regions, a total of nine developmental or stress-related cis-regulatory elements were used for promoter analysis, including abscisic acid responsive element (ABRE), anaerobic response element (ARE), auxin-responsive element (AuxRE), gibberellin-responsive element (GARE-motif), low temperature responsive element (LTR), myb-binding site involved in drought-inducibility (MBS), Methyl jasmonate-responsive element (MeJA-RE), defense and stress responsive element (TC-rich repeat) and wounding and pathogen responsive element (WUN-motif). The results showed that eight out of nine examined genes except OsFAD2-2 possessed multiple ABRE elements and at least four different other regulatory elements in their promoter regions; it was in accordance with their expression profiles in response to abiotic stress and ABA treatment. In addition, each gene contained a number of various light responsive elements, such as Box 4, G-Box, GT1-motif, TCT-motif, Sp1, and so forth. It was estimated that desaturases might be also involved in light response.
Further, the PlantPAN 3.0 database was used to screen the predicted transcription factors (TF) and their binding sites of the nine desaturase genes. Subsequently, the TFs from PlantCARE and cis-acting elements from PlantPAN were integrated into a table, depending on the promoter motifs and their positions (Table S1 ). A total of 189 members of thirteen TF families were identified. Among them, numerous bZIP, bHLH, Homeodomain and SBP transcription factors were predicted to bind the ABRE and MeJA-RE elements. Similarly, the WUN-motif elements could be bound by NF-YB, NAC and AT-Hook transcription factors. Besides, AP2, MYB and WRKY etc. transcription factors were able to interact with other regulatory elements. The results indicated that these cis-acting elements and corresponding trans-acting factors may be activated in response to hormones and environmental stresses.
Materials and Methods
Identification of fatty acid desaturase genes in rice.
To explore all of the putative desaturase members in rice, three approaches were employed, as described in detail previously 20 . First, the five protein sequences of Arabidopsis desaturases (FAD2/AT3G12120, FAB2/AT2G43710, DES1/AT4G04930, SLD1/AT2G46210 and ADS1/AT1G06080) were used as queries to execute BLASTP grogram against rice protein database (https://rapdb. dna.affrc.go.jp/tools/blast) with default parameters except for E-value set to e −10 (default value is 0.1). Secondly, two Pfam domains (PF00487 and PF03405) searching was performed using the MSU-RGAP website (http:// plant material and treatments with hormones. As described in detail previously 20 , in order to evaluate the spatio-temporal expression profiles of desaturase genes, the rice seedlings of the cultivar Nipponbare were grown in the field during the normal growing season at 30-34: 22-26 °C (day: night) and 80-95% humidity with a photoperiod of 14 h. The eight materials tested in the expression analysis were: (1) 7-day-old radicle (R); (2) 7-day-old seedlings (Se); (3) 90-day-old node (N); (4) 90-day-old internode (In); (5) flag leaf (Fl); (6) sheath (Sh); (7) 1 cm spikelet (Sp); and (8) flowering spikelet (Fp). For hormones treatments, rice seeds were immersed in water at 37 °C for 30 h, and then were sown on a plastic net that was floating on a nutrient solution in a growth chamber at 28 °C [light: dark = 14 h: 10 h]. Then, seedlings at three-leaf stage were transferred into containers and treated with 10 μM IAA, 10 μM 6′-BA, 10 μM GA, 25 μM ABA or non-treatment for control, and placed in a 28 °C illumination incubator 20 . At 3, 6, 9, 12, 24, 48 h after these treatments, seedlings were harvested.
All materials harvested were immediately frozen in liquid nitrogen and stored at −80 °C prior to RNA extraction.
Digital expression and qRT-PCR analysis of desaturase genes. The microarrays expression
data of desaturase genes were extracted from the Rice Expression Profile Database (http://ricexpro.dna. affrc.go.jp/), and were used to analyze expression profiles in various organs at different developmental stages (RXP_0001). Additionally, the total RNA isolation from various tissues, cDNA synthesis and quantitative RT-PCR were performed to analyze the expression profiles under hormones treatments. Real-time PCR was performed using a SYBR Green Realtime PCR Master Mix (TOYOBO) on an ABI StepOnePlus Real-Time PCR System. The 2 −△△CT method was used to analyze relative changes in gene expression 27 . The rice ubiquitin gene (Os03g0234200) was used as a reference in the experiment. The gene-specific primers were listed in Table S2 . Making an intensive study of fatty acid desaturase genes will be conducive to deep understanding of the gene family. The present study investigated thoroughly the fatty acid desaturase gene family in rice. We identified several tissue-specific, abiotic stress and hormone-responsive desaturase genes and analyzed their chromosomal locations, gene structures and phylogeny. Tandem and segmental duplications of desaturase genes and the presence of various cis-regulatory elements in the promoter were also analyzed. The evidence of altered expression of desaturase genes in response to hormone and stress may explain their role for developmental processes and drought, salt or cold stress tolerance. However, their true functions in growth, development and stress tolerance require more experimental confirmations, such as inspecting the phenotype of knock-out and over-expressing mutants.
